SmB 6 is a strongly correlated mixed-valence Kondo insulator with a newly discovered surface state, proposed to be of non-trivial topological origin. However, the surface state dominates electrical conduction only below T * ≈ 4 K limiting its scientific investigation and device application.
tensile strain we report surface dominated conduction at up to a temperature of 240 K, persisting even after the strain has been removed. This can be explained in the framework of strain-tuned temporal and spatial fluctuations of f-electron configurations, which might be generally applied to other mixed-valence materials. We note that this amount of strain can be indued in epitaxial SmB 6 is a prototypical Kondo insulator, a material where the quantum mechanical hybridization between the conduction and f -electronic orbitals leads to an opening of a narrow Kondo gap near the Fermi energy [1, 2] . Experimental observations of the robust surface conductivity on the background of the fully insulating bulk [3, 4] and quantum oscillations from a 2D surface [5] , both contribute to the highly nontrivial nature of an insulating state in SmB 6 . SmB 6 has so far attracted much attention as a prominent candidate material for a strongly correlated topological insulator [6] [7] [8] . It is noteworthy to mention that the first application of SmB 6 as a radio-frequency micro-oscillator device [9] has been recently demonstrated, operating at cryogenic temperatures.
Due to the small value of the band gap ∆, scientific investigations and device applications of SmB 6 have thus far been limited to temperatures below the resistance saturation tem-perature T * ≈ 4 K when the surface conduction becomes larger than the bulk conduction [3, 4] , motivating the search for means of enhancing T * . In the context of thin films, it is known that strain induced by a substrate can dramatically change the temperature scale of the physical phenomena, such as the room temperature ferroelectricity in strained BaTiO 3 [10] . In SmB 6 , it has been shown that ∆ can be reduced and eventually quenched [11] with an external pressure of up to 50 kbar. Consequently, T * decreases to zero under pressure [11, 12] . A comprehensive theoretical explanation of this intriguing phenomenon has not
been reported yet, although it has been speculated to be related to the pressure-dependent valence of Sm ions [11] . A related question of whether negative pressure (tensile strain)
would alter ∆ or T * in SmB 6 has also not been addressed yet.
Applying a large amount of tensile strain in a controllable fashion to macroscopic crystals has been difficult until very recently when Hicks and Mackenzie introduced a tri-piezo technique [13] to enhance the superconducting transition temperature of Sr 2 RuO 4 with strain which is the fractional change of the sample length [14] . For this study we have adopted this technique and constructed a strain setup that can apply between −0.5% and 1% strain to SmB 6 crystals. As shown in Fig. 1a , the piezo stacks and titanium pieces are arranged so that they compensate for differential thermal contraction [13] . Naturally needle-shaped SmB 6 crystals obtained directly from growth were mounted to the gap between the titanium pieces using hard cryogenic epoxy. Strain gauges were used to measure the length change of the piezos, which was used in turn to estimate the strain in SmB 6 using calibration with direct cryogenics microscopic imaging. At T = 4 K, we found that more than 70% of the strain is transferred from the piezos to the SmB 6 needle crystals (see Supplemental Materials for details), which is comparable to what has been seen in Sr 2 RuO 4 [14] . With a cubic symmetry and a Poisson's ratio of η = −0.0213 [15] , all dimensions of SmB 6 expand with tensile strain, making it quite analogous to negative hydrostatic pressure.
In Kondo insulators the value of an insulating gap is usually obtained by fitting the bulk dominated conduction region to R −1 /R −1 bulk = exp(−∆/k B T ) [11] , where R bulk is a resistance constant for the bulk, T is the temperature, R is the measured resistance, and ∆ is the band gap. As shown in Fig. 1b for a 100 oriented SmB 6 crystal, when a small compressive strain (−0.4%≤ < 0) is applied, we found that ∆ is reduced by as much as 30%, comparable to an applied pressure of 24 kbar [11] . Given a low-temperature bulk modulus of 910 kbar [16] for SmB 6 , = −0.4% strain is roughly equivalent to 24 kbar, which again agrees with Cooley et al. [11] In contrast, as we show in Fig. 1c , a small tensile strain results in exactly the opposite behavior: the resistance saturation temperature T * is shifted to higher temperatures and ∆ is enhanced by 50% suggesting it has a similar origin to the yet unknown mechanism for pressure-induced ∆ reduction [11] . We note that changes in the values of ∆ are much sharper when | | ≥ 0.4% suggesting a well-defined collective response for both negative and positive strain.
While compressive strain beyond = −0.5% tends to break needle-shaped samples likely due to shear strain, much larger tensile strains can be safely applied. Shown in Fig. 5a for another 100 oriented SmB 6 crystal, sample B, tensile strains up to 0.66% continuously increase the resistance saturation temperature T * up to 30 K. We note that in this sample in contrast with sample A, the surface dominated saturation resistance is strongly dependent on applied strain reminding us of the similarly diverse behaviors observed in high pressure experiments [11, 12, 17, 18 This dramatic phenomenon is hysteretic in nature: when the strain is reduced to 0% the sample resistance maintains its surface dominated value until a compressive strain is applied.
However, after an application of a large tensile strain, the bulk of SmB 6 remains insulating with a significantly increased temperature T * even after the strain is removed.
To measure the upper bound of T * -the temperature below which the surface conduction is dominant -we prepared sample C. This sample has been strained at low temperature with = 0.9%, the strain was reduced back to zero and the sample was warmed up to 300
K. It is shown in Fig. 5c where the blue curve represents the initial cool down without strain and the red curve shows the warm up after the tensile strain has been applied at low temperature. The noise in the resistance value at temperatures between 40 K and 240 K is quite repeatable between measurements, suggestive of an underlying fluctuations in the system, which will be discussed below. The sample resistance remains to be more than three orders of magnitude larger than the bulk dominated value (blue curve) normally observed at these temperatures until the temperature reaches T * = 240 K when it suddenly reverts back to the bulk resistance value of 0.07 Ω. 
With a decrease in temperature, emerging hybridization between the d-orbital and forbital states of samarium opens up a scattering channel 4f 6 ↔ 4f 5 +5d leading to an onset of insulating behavior at low temperatures and also to small changes in the intermediate valence configuration [21] . Since the ionic volume corresponding to the 4f 6 configuration exceeds the one for the 4f 5 configuration, the energy difference between the corresponding valence configurations ∆E = E(f 6 ) − E(f 5 ) will increase with pressure the scattering processes 4f 6 ↔ 4f 5 + 5d will be suppressed. As a consequence, one expects that the material recovers its metallic properties in the bulk. On the other hand, an application of a tensile strain acts as a negative pressure and therefore should have an opposite effect of enhancing the insulating behavior and promoting stronger hybridization between the d-and f -orbitals.
Our experimental results for the small tensile strain confirm these expectations.
While an increase in T * with tensile strain can be qualitatively understood by the argument based on the changes in the ionic volume, our observation of hysteresis in resistivity as a function of temperature points towards the emergence of the spatial inhomogeneities. Since the energies of the Sm 2+ and Sm 3+ become almost degenerate the characteristic timescale τ ivc will increase. Ultimately, τ ivc → ∞ and the system is expected to develop spatially inhomogeneities by becoming mixed-valent: each samarium ion will be in either Sm A reconstructed phase diagram of SmB 6 under strain with data from this paper as well as pressure data from [11, 12] . The left axis corresponds to the Derr bandgap data (hollow red triangles), the Cooley bandgap data (hollow red squares), and our own bandgap data (red circles). The right axis corresponds to only T * , which is shown in blue upside down triangles.
would be energetically costly since it would mean the departure from the simple rock salt crystal structure. However, in our experiments the energy costs are offset by a tensile strain. All samples were grown by the aluminum flux method and HCl was used to remove any aluminum flux or impurities on the samples [? ]. Samples were selected based on their dimensions, which was possible due to the abundance of SmB 6 samples at our disposal. Long and thin samples were the desired shape so that the strain could be applied homogeneously.
Samples were then polished to remove any surface cracks, which can cause the samples to break prematurely. Samples were screened prior to being mounted in the strain setup to ensure that samples had the expected resistance to temperature relationship for SmB 6 of at least three orders of magnitude change over the temperature range from 300 K to 2 K [4], which will resolve any uncertainty in locating the zero strain point as we will discuss later.
Shown below is the table of the dimensions of all samples used in this paper: The dimensions are all accurate to within 10%. We found that samples that were less than 2mm long had difficulty being held by the epoxy. Sample B had the largest cross-sectional area and was also the hardest sample to apply strain to, while sample A was the easiest sample to strain due to its small cross-sectional area. Smaller cross-sectional area should result in more uniform strain [14] . The change in volume caused by a strain is roughly 6%
greater than the strain applied, due to a Poisson's ratio of -0.0213 [15] when strain is applied in the 100 direction.
We chose to mount the samples with epoxy over a mechanical connection/clamping mechanism because mechanical connection/clamping would add additional pressure to the crystal, which would increase the risk of breaking or cracking. Applying an additional pressure to the crystals would also make to strain not purely uniaxial and potentially affect the experimental results. Several other experiment used epoxy successfully to apply strain, including
[? ], [? ], and [14] . Samples were mounted using Stycast 2850FT epoxy and catalyst 24 LV.
Then, the epoxy was cured at room temperature for at least 24 hours, which reduced the risk of thermal expansion affecting the experiment. This epoxy is harder than most epoxies [14] , allowing for strain to be more efficiently applied.
Transport measurements
We measured resistance using a Signal Recovery 7225 DSP lock-in amplifier. The corresponding gap ∆ is obtained by fitting the bulk dominated conduction region to R = R bulk exp(∆/k B T ), where, R bulk is a resistance constant for the bulk, T is the temperature, R is the measured resistance, and ∆ is the band gap [11] . strain is small. At higher strains, the fitting temperature range needs to be adjusted due to the changing T * .
Four platinum wires were attached to the sample using spot-welding or silver epoxy, with no measurable difference caused by the different methods. Spot-welding uses a large current over a small area and a short period of time to melt a small wire on to the sample. This technique works effectively on metallic samples producing a very low contact resistance [? ] .
The strain setup design is shown in Fig. 4 , following the design of Hicks et. al [13] , which limits the amount of residual strain applied to the sample from differential thermal contraction. The thermal contraction of the piezos is quite large, but their arrangement should, in theory, cancel each other. The body of the device is made of titanium, which has a very low thermal contraction. From our calculations, this would give us no net strain from cooling. This design differs from the Hick and Mackenzie setup because it uses larger piezos allowing us to apply more strain. All strain measurements were done in a Janis SHI-4-2 Closed Cycle Optical Cryostat. A large thermal mass was added to the cold stage to help stabilize the temperature to less than 0.05 K fluctuations, with a minimum temperature of 2.5 K.
Strain calibration
To verify the strain is actually being applied with our setup, we used a laser interferometer to calibrate the strain gauges on the piezos and then used image comparison software of the sample to compare the strain gauge to the strain applied. Our goal was to use the readings from the strain gauges mounted on the piezos to verify the actual strain applied to the sample.
We calibrated the strain gauges using a laser interferometer. Two strain gauges were mounted on the same side of a piezo using Stycast 2850FT epoxy, with one strain gauge set to measure any movement and the other set to measure any movement perpendicular to the primary axis of movement, which should be minimal. The strain gauges are arranged into a resistance bridge to eliminate any non-strain fluctuations, such as temperature. The strain gauges were measured with a lock-in amplifier so that we could use a smaller current of 10 µA. We noticed that the strain gauges could add a significant heat load to the strain setup when using currents close to 10mA, which is partly due to the low thermal conduction of the piezos. We then used the interferometer to make sure that the movement being measured by the strain gauges accurately matched the movement of the piezo by mounting a mirror to the top of the piezo, shown in Fig. 5(a) . The data are shown in Fig. 5(b) with at least 94% of the laser interferometer movement measured by the strain gauges. The data also verified the manufacture specifications for the piezos by a laser interferometer and a strain gauge.
While the laser interferometer verified the piezo movement, this can only be used to verify the displacement of piezo, not the sample strain. The displacement of piezo includes the strain absorbed by the epoxy and the sample, while the sample strain is proportional to the change in length of just the sample. Hicks et. al was able to show that Stycast 2850FT is able to be used to apply strain to a sample of S 2 RO 4 [14] . The pioneering work Hicks et. al used numerical simulations to convert the total displacement to sample strain showing that 73% of the strain is transferred to the sample, with the rest absorbed by the expoxy. SmB 6 has a smaller bulk modulus than S 2 RO 4 [16] , so it will be easier to apply strain. The numerical simulation might not have been as accurate for larger strain. Therefore, we developed a new technique by taking images of our samples and comparing features to find the sample strain. We were able to do this because we were using higher strain. Fig. 6(c) is the optical strain set-up, which works between room temperature and liquid helium temperature. A microscope with a camera is mounted outside of the optical cryostat and above the sample to take images of the sample under strain. One images are taken of the strained sample and one when the sample is not strained. Fig.   6 (a) shows a cartoon representation of the sample stretching. We pick a feature on the sample and then track its position change. We compared an unstrained sample to itself being strained shown in Fig. 6(b) . The lower line is the original feature, while the top line is the same feature on the same sample, but with the sample being stretched. The image shows a 9 pixel change or 0.8% applied stress at liquid helium temperature. Using all of this data, we can show that approximately 70% of the strain is transferred to the sample, which is comparable to other similar experiments [14] . All of the values of strain in the paper were measured by the strain gauge, not determined by the voltage applied to the piezos.
Shown in

Negligible residual strain
To verify that the samples were not actually being strained during the cooling process, we tested some of the samples' resistance versus temperature relationship before being mounted in the strain setup and after being mounted in the strain setup. The unmounted sample was measured in a Physical Properites Measurement System (PPMS) by Quantum Design with the sample dangling by the wires so that no strain is applied to the sample. We then measured the sample's resistance versus temperature with no voltage applied to the piezos.
We then verified that the resistance results matched, shown in Fig. 7 . The results match within the margin of error of the measurement tool, showing only negligible strain applied from 300 K to 2.5 K with no voltage applied across the piezos.
COMPARISON TO PRIOR EXPERIMENTS
Conversion
To compare our strain result to prior high pressure experiments, we used an approximate conversion based on volumetric change [11, 12] . We compared our results to Cooley and Derr by converting their results into a volumetric change and then using our specific sample's volume change to convert the Cooley and Derr values from volumetric change to strain. This should give us a general interpretation of our results.
The differential form for the change in volume shown in (1), with a more explicit form shown in (2) .
Here, V is the volume, K is the bulk modulus, and P is the pressure. SmB 6 has a bulk modulus of 910 kbar [16] at low temperatures for SmB 6 . We calculated the volume changes for each of the Derr and Cooley results.
We then calculated the volumes change as a result of strain using Poisson's ratio. Our samples are rectangular bars with a volume from (3), where L is length, W is width, and H is height.
By applying a small strain, or ∆L, the crystal dimensions all change slightly, which changes the volume. SmB 6 has a negative Poisson's ratio of -0.0213 [15] , meaning that the cross-sectional area increases with strain and the volume increase is more than just the result of the strain applied. The formulas for the new dimenions and volume are shown in (4, 5, 6) , where ν is the Poisson's ratio.
We calculated the volume changes for each comparable sample and instead of using it to convert the strain into a volume change, we used it as a conversion factor between the pressure induced volume change and strain. This is shown in Fig. 3(b) in the main text.
Previous high pressure results
There have been four previous studies on SmB 6 under high pressure, which we examined.
All of the studies showed that the insulating behavior collaspes into a metal with sufficiently high pressure, but there are several key differences. Beille found that the gap closed around 
and the Lagrangian L(τ ) is given by:
where β = 1/k B T , c, c are fermionic fields which describe the electrons in the conduction band with dispersion k , f , f are the fermionic fields which account for the f -electrons with single particle energy f , σ = (↑, ↓), V is the hybridization amplitude and U f f is the repulsive coupling between the f -electrons.
Effects of strain.
In what follows we assume that the main effect of tensile or compressive strain is limited to the changes in the local volume of the f -ions. Let us set Ω t to be the total ionic volume of, say, samarium ion. We will also ignore the effects of anisotropy which are introduced by the application of stain. Then, at high temperatures when there is no coherence between conduction and f -electrons, the ionic volume must be equal to the one corresponding to the magnetic valence configuration, Ω t = Ω(f 5 ), since the ground state valence configuration for samarium ion is Sm 2+ . As temperature is decreasing, hybridization between the conduction and f -electrons leads to an opening of the hybridization gap governed by the quantum mechanical transitions between the f 5 and f 6 valence configurations, 
with δΩ = Ω(f 6 ) − Ω(f 5 ).
Mean-field approximation
The hybridization process can be effectively described within the slave-boson mean-field approximation for the Anderson model (see e.g.
[? ]). In the slave-boson approximation one first takes the limit U f f → ∞, which corresponds to projecting out the doubly occupied states and then one introduces the constraint which guarantees the local moment at the f -site, i.e. n f = 1:
where b i are bosonic fields which project out the doubly occupied f -states. Therefore, within the slave-boson approximation the Lagrangian which accounts for the effect of pressure or tensile strain reads
where P is an external pressure. Thus, the application of pressure leads to a shift of the f -level energies. The resulting effective action for the problem can be formulated in terms of the slave fields only. It follows
where k = (k, iω), ρ j = |b j |, λ j is a constraint field and matrixÂ is defined according to
In the mean-field approximation, all slave-boson operators as well as constraint fields at each site are replaced with c-numbers:
where 0f is the bare f -level position. The action at the mean-field level becomes
so that the bare Green's function can formally written aŝ
Mean-field equations are found by find an extremum of the action S 0 with respect to (ρ, iλ) and the condition for the particle number conservation. It is straightforward to check that the application of the tensile strain corresponding to P δΩ > 0 necessarily leads to a linear in P δΩ increase of ρ, which determines the hybridization gap [? ? ].
Fluctuations
Consider the fluctuation correction to the mean-field:
For the effective action we write S eff = S 0 + S
eff . There are two contributions to S
eff . The first one originates from the first term in (12) :
For the gaussian fluctuations, we expand the expression under the log up to the second order in powers ofÂ fl . The linear order term vanishes, while the second order term in the
where
Thus, for the fluctuation correction to the effective action at the gaussian level we find
and iν l = 2πT l are bosonic Matsubara frequencies.
Fluctuation propagator. Ultimately, we would like to compute the correction to the felectron occupation numbers due to fluctuations. Since only iλ(k) couples directly to the f -electron particle number, we will need to evaluate the fluctuation propagator
From (21) it immediately follows that can be used to calculate the the stress applied to the sample. c, The strain set-up is mounted in the cryostat with a small window above the sample. A microscope with a camera is placed above the window to take photos. 
